Backgrounds. Predicting the development of acute kidney injury (AKI) in the critical care setting is challenging. Although several biomarkers showed somewhat satisfactory performance for detecting established AKI even in a heterogeneous diseaseoriented population, identification of new biomarkers that predict the development of AKI accurately is urgently required. Methods. A single-center prospective observational cohort study was undertaken to evaluate for the first time the reliability of the newly identified biomarker semaphorin 3A for AKI diagnosis in heterogeneous intensive care unit populations. In addition to five urinary biomarkers of L-type fatty acid-binding protein (L-FABP), neutrophil gelatinaseassociated lipocalin (NGAL), IL-18, albumin and N-acetyl-β-D-glucosaminidase (NAG), urinary semaphorin 3A was measured at intensive care unit (ICU) admission. Results and conclusion. Three hundred thirty-nine critically ill adult patients were recruited for this study. Among them, 131 patients (39%) were diagnosed with AKI by the RIFLE criteria and 66 patients were diagnosed as AKI at post-ICU admission (later-onset AKI). Eighty-four AKI patients showed worsening severity during 1 week observation (AKI progression). Although
A B S T R AC T
Backgrounds. Predicting the development of acute kidney injury (AKI) in the critical care setting is challenging. Although several biomarkers showed somewhat satisfactory performance for detecting established AKI even in a heterogeneous diseaseoriented population, identification of new biomarkers that predict the development of AKI accurately is urgently required. Methods. A single-center prospective observational cohort study was undertaken to evaluate for the first time the reliability of the newly identified biomarker semaphorin 3A for AKI diagnosis in heterogeneous intensive care unit populations. In addition to five urinary biomarkers of L-type fatty acid-binding protein (L-FABP), neutrophil gelatinaseassociated lipocalin (NGAL), IL-18, albumin and N-acetyl-β-D-glucosaminidase (NAG), urinary semaphorin 3A was measured at intensive care unit (ICU) admission. Results and conclusion. Three hundred thirty-nine critically ill adult patients were recruited for this study. Among them, 131 patients (39%) were diagnosed with AKI by the RIFLE criteria and 66 patients were diagnosed as AKI at post-ICU admission (later-onset AKI). Eighty-four AKI patients showed worsening severity during 1 week observation (AKI progression). Although L-FABP, NGAL and IL-18 showed significantly higher area under the curve (AUC)-receiver operating characteristic (ROC) values than semaphorin 3A in detecting established AKI, semaphorin 3A was able to detect later-onset AKI and AKI progression with similar AUC-ROC values compared with the other five biomarkers [AUC-ROC (95% CI) for established AKI 0.64 (0.56-0.71), later-onset AKI 0.71 (0.64-0.78), AKI progression 0.71 (0.64-0.77)]. Urinary semaphorin 3A was not increased in non-progressive established AKI, while the other biomarkers were elevated regardless of further progression. Finally, sepsis did not have any impact on semaphorin 3A while the other urinary biomarkers were increased with sepsis. Semaphorin 3A is a new biomarker of AKI which may have a distinct predictive use for AKI progression when compared with other AKI biomarkers.
I N T R O D U C T I O N
Acute kidney injury (AKI) is a frequent and serious complication in critically ill patients in intensive care unit (ICU) settings. Currently, AKI is diagnosed using serum creatinine, which is not sufficiently sensitive and specific for detecting tubular injury in AKI. Moreover, serum creatinine will only diagnose the existing renal dysfunction but cannot predict the development of AKI. Lack of early sensitive diagnostic tests for AKI is a major hindering factor for developing an effective therapy for prevention and treatment of AKI and the associated mortality. A decade of research led to the identification of several candidate biomarkers such as neutrophil gelatinaseassociated lipocalin (NGAL) [1] [2] [3] [4] , interleukin-18 (IL-18) [5] , L-type fatty acid-binding protein (L-FABP) [6, 7] and kidney injury molecule-1 [8] for early diagnosis of AKI in a different patient population. Although these biomarkers can detect AKI in the early phase even before the elevation of serum creatinine, their performance of predicting AKI progression has not been sufficiently evaluated and their translation into the clinic is not available so far.
In search for a new biomarker, we have recently identified and characterized a protein called semaphorin 3A which can predict the development of AKI in an experimental animal model and in a pediatric human population who underwent cardiopulmonary bypass surgery [9] . Since this cohort is relatively homogeneous in terms of fewer comorbidity and more readily apparent onset of renal insult, the necessity of evaluating the usefulness of new biomarkers with more heterogeneous populations should be addressed. Therefore, the current study was carried out to validate the newly identified biomarker semaphorin 3A as an early diagnostic test using urine samples from critically ill adult patients treated in mixed ICU.
Semaphorins, formerly known as collapsins, belong to a large family of repulsive guidance cues consisting of eight classes of secreted and membrane-bound polypeptides that have been identified in both invertebrates and vertebrates [10, 11] . Class 3 semaphorin (Sema3) are a large subgroup of these polypeptides, containing members A-G. Semaphorin 3A is expressed in the developing kidney and in distal tubular epithelial cells of the adult kidney [12] . Our animals and human studies have determined that semaphorin 3A is secreted into urine in response to hypoxia and drug treatment [9] . Since ICU patients experience multiple renal insults, we proposed that semaphorin 3A could be a promising AKI biomarker for complex clinical conditions.
M AT E R I A L S A N D M E T H O D S

Study design and data collection
The original study with these samples was published previously [6] . This study was performed as a prospective observational study. Adult patients >20 years who had been admitted to the mixed ICU in the University of Tokyo Hospital during December 2008 to May 2009 were eligible for enrollment. Patients with end-stage renal disease or renal transplant were excluded. The study protocol was approved by the University of Tokyo institutional review board and Georgia Health Sciences University. Informed consent was obtained from each participant or the participant's family. The presence of AKI was assessed daily by calculating the change in serum creatinine from the baseline to the maximum serum creatinine on each day according to the RIFLE (Risk, Injury, Failure) criteria [13] ; AKI was defined as a 50% increase from the baseline.
Baseline serum creatinine was defined as the last outpatient value within 3 months before admission. For a patient with no creatinine measurement within the prior 3 months or any previously known creatinine value, the baseline was estimated using the MDRD equation for the lower end of the normal range (i.e. 75 mL/min per 1.73 m 2 ), as the RIFLE criteria suggests [13] . The GFR was estimated using the MDRD equation [14] . The AKI severity was also categorized according to the RIFLE criteria with one exception: patients who needed renal replacement therapy (RRT) were categorized as failure because patients receiving RRT are included in stage 3 of the Acute Kidney Injury Network criteria [15] . The AKI severity was assessed for 1 week after ICU admission. Later-onset AKI was defined as follows: no AKI diagnosis was made at ICU admission, but rise in serum creatinine was seen during post-ICU admission that meets RIFLE criteria or if RRT was started within 1 week. Progression of AKI was defined as worsening of RIFLE stage (from non-AKI to AKI of any stage, from risk to either injury or failure, from injury to failure).
Diagnosis of sepsis was made according to the American College of Chest Physicians and the Society of Critical Care Medicine Consensus Conference Committee guidelines [16] . Whether the presence of sepsis would have an impact on the performances of AKI biomarkers was also evaluated.
Urinary biomarker measurement
Urine samples were collected within 12 h of ICU admission and were then frozen at −80°C within 1 h of collection. Urinary semaphorin 3A was measured using commercially available enzyme-linked immunosorbent assay kits (Cat # MBS732622, My Biosource, CA, USA). Urinary L-FABP, NGAL and IL-18 were measured using commercially available ELISA kits [Human L-FABP Assay Kit; CMIC Co. Ltd., Tokyo, Japan; NGAL ELISA Kit (KIT 036); BioPorto, Gentofte, Denmark and Human IL-18 ELISA Kit (No. 7620); MBL Co. Ltd., Nagoya, Japan]. Urinary NAG and albumin were measured at the University of Tokyo Hospital Clinical Laboratory using the 4-HP-NAG substrate method (L-Type NAG; Wako Pure Chemical Industries, Ltd., Osaka, Japan) and immunonephelometry (Autokit Micro Albumin; Wako Pure Chemical Industries, Ltd.), respectively.
Statistical analysis
Data were expressed as median (interquartile range) and continuous variables were compared using Wilcoxon ranksum test or Steel-Dwass test for multiple comparison. Categorical variables were compared using the Pearson chi-square or Fisher's exact test. The performance of urinary biomarkers was determined using receiver operating characteristic (ROC) curve analysis. The differences in areas of under the ROC curves were tested with a non-parametric method as described in the study by Delong et al. [17] . Bonferroni adjustments were used to account for multiple comparisons. To identify the best predictors of AKI progression, we examined the independent relationship using stepwise logistic regression analysis. These calculations were performed using JMP version 9.0 (SAS Institute, Inc., Cary, NC). A conventional criterion of level 0.05 was used to determine statistical significance.
R E S U LT S
Patient characteristics
For the analysis, 339 adult ICU patients were enrolled. Table 1 presents baseline clinical data and outcomes of the enrolled patients. Of the 339 ICU patients, AKI was diagnosed in 131 (38.6%) within 1 week after ICU admission. A significantly higher serum creatinine at the time of ICU admission, lower mean blood pressure, higher APACHE II score, longer length of ICU stay and higher 14-day in-hospital mortality were observed in patients with AKI. In patients with AKI, contrast exposure within 48 h before ICU admission was less frequent than the non-AKI. This might indicate avoidance of contrast injection to high-risk patients. Complication with sepsis occurred more frequently in patients with AKI than in non-AKI patients. Of 131 patients with AKI, 66 patients were diagnosed as later-onset AKI, whereas the other 65 patients already had AKI at ICU admission (established AKI). Eightyfour patients were determined as progression of AKI, whereas the other 47 AKI patients did not show any progression (Figure 1 ). Of these 84 patients with AKI progression, 18 patients who showed progression from established AKI had a high mortality of 22.2%.
Semaphorin 3A and AKI Urinary semaphorin 3A measured at ICU admission was significantly higher in patients with AKI than in non-AKI patients as other urinary markers of L-FABP, NGAL, IL-18, NAG and albumin ( Table 2 ). The ROC curve analysis for detecting AKI revealed that the area under the curve of ROC curve (AUC-ROC) for semaphorin 3A was 0.68 (95% confidence interval 0.62-0.74) which was similar to the other five biomarkers. There was no significant difference of AUC-ROC values among the measured urinary markers. Semaphorin 3A values were compared with the severity of AKI determined using the RIFLE criteria (Figure 2 ). Although urinary semaphorin 3A levels in each RIFLE group were significantly higher than the non-AKI group, they were not significantly different among the AKI groups indicating that urinary semaphorin 3A was not able to reflect the AKI severity.
Comparisons of AUC-ROC for detecting established AKI revealed that semaphorin 3A showed significantly lower AUC-ROC values when compared with L-FABP, NGAL and IL-18 (Table 3) 
in the later-onset AKI and the AKI progression groups was significantly higher than the established AKI and the non-progression groups, respectively (Figure 3) . Moreover, urinary semaphorin 3A in 47 established AKI patients who did not show any progression of AKI severity was as low as non-AKI, whereas the other five markers were significantly increased in these 47 patients (Table 4 ). These observations may suggest that urinary semaphorin 3A has a distinct characteristic from the other five markers. It should be noted that 95% confidence interval ranges of AUC-ROC values for the three categories of AKI (established AKI, lateronset AKI and AKI progression) overlapped in all the six urine biomarkers (Table 3) .
To clarify the contribution to AKI progression for each parameter, stepwise logistic regression analysis incorporating mean arterial pressure and serum creatinine at ICU admission, complication of sepsis and the six urinary biomarkers were F I G U R E 1 : Later-onset AKI and AKI progression. Eighteen established AKI and all the later-onset AKI (n = 66) were determined as AKI progression (n = 84). Fourteen-day in-hospital mortality rate for each group is as follows: non-AKI 1.0%, established AKI without progression 8.5%, established AKI with further progression 22.2% and later-onset AKI 6.1%. conducted. Results revealed that among those parameters mean arterial pressure, urinary L-FABP and semaphorin 3A were significantly associated with AKI progression (Table 5) .
Semaphorin 3A and sepsis Sepsis-induced complications were frequently found in the AKI group when compared with the non-AKI group (Table 1) . Whereas five urinary biomarkers (L-FABP, NGAL, IL-18, NAG and albumin) in the sepsis group were significantly increased when compared with the non-sepsis group, urinary semaphorin 3A did not differ between septic and nonseptic patients (Table 6) . We further divided patients into the four groups with or without AKI. All biomarkers except semaphorin 3A in the AKI patients complicated with sepsis (AKI/ sepsis) showed the highest values. AKI did not increase urinary semaphorin 3A in septic patients, although the sample size of these subgroups was not sufficiently large (Supplementary data, Table S1 ).
D I S C U S S I O N
This is the first study to demonstrate that urinary excretion of semaphorin 3A is a predictive biomarker of human AKI, especially for later-onset AKI and AKI progression. While other urinary biomarkers of L-FABP, NGAL and IL-18 showed significantly higher AUC-ROC values than semaphorin 3A in detecting established AKI at ICU admission, semaphorin 3A showed similar AUC-ROC values for predicting acute decline of renal function after ICU admission. Moreover, in contrast to other urinary biomarkers, semaphorin 3A was not influenced by sepsis. These observations suggest the distinct characteristics of urinary semaphorin 3A as an AKI biomarker.
Although semaphorins are originally reported as being responsible solely for the axonal guidance in the developing nervous system [10] , recent evidence suggests that they are pleiotropic in nature, fulfilling many additional roles including the regulation of angiogenesis, organogenesis, tumorogenesis, cell migration, cytokine release and immune modulation [12, [18] [19] [20] . However, despite the increasing evidence regarding the different functions of the semaphorins within the human body, the complete in vivo biological role of these molecules still remains unclear. The role of semaphorin 3A in kidney pathophysiology is unknown. Animal study using mice revealed that semaphorin 3A is not expressed in proximal tubular epithelial cells and glomerular mesangial cells but highly expressed in the distal tubular and collecting duct epithelial cells as well as podocytes in normal physiological condition. Semaphorin 3A is undetectable in normal urine. In a model of ischemia reperfusion, urinary semaphorin 3A can be detected within a few hours after reperfusion [9] . This suggests that urinary semaphorin 3A can detect renal hypoxic injury. Administration of recombinant semaphorin 3A induced proteinuria through disruption of podocyte foot process [21] . Semaphorin 3A is known to have antiangiogenic molecules but whether it regulates angiogenesis is unknown. In addition, semaphorin 3A is known to regulate cell migration and adhesion. Since epithelial cell proliferation and migration are known to occur immediately after acute injury, it is possible that semaphorin may be involved in these processes. AKI progression is frequently observed in the ICU in the context of development of multiple organ failure [22] . Although the usefulness of biomarkers has been widely validated for early detection of AKI, only a few studies were done for predicting AKI progression in the clinical settings. Considering the development for new AKI therapeutics, biomarkers for AKI progression will be useful to identify the high risk and most beneficial patients. Koyner et al. [23] evaluated whether AKI biomarkers measured at the time of AKI diagnosis after cardiac surgery can predict AKI worsening. Urinary IL-18, albumin and plasma NGAL were associated with AKI progression. A recent multicenter study has evaluated two additional biomarkers [tissue inhibitor of metalloprotease-2 (TIMP-2) and insulin-like growth factor binding protein-7 (IGFBP-7)] in a populations of critically ill patients including sepsis, shock, major surgery and trauma. These two biomarkers have been shown to be superior to other established biomarkers [24] . Again, AKI progression was not examined in that study. Our study evaluated AKI progression in a more heterogeneous population of an adult mixed ICU cohort and demonstrated for the first time that urinary semaphorin 3A could predict later-onset AKI and AKI progression after ICU admission.
Urinary semaphorin 3A failed to detect the severity of AKI defined by the RIFLE criteria, whereas the other biomarkers, especially L-FABP, could discriminate the severity of AKI in this cohort [6] . It should be noticed that the severity of AKI in this study depended on the maximum serum creatinine levels within 1 week after ICU admission. Although the peak serum creatinine values might be correlated with the degree of 
tubular injury in AKI in general, it could not directly reflect tubular epithelial cell injury. It is possible that semaphorin 3A in the urine detected medullary hypoxic injury that is not closely related to a decrease in glomerular filtration. Reportedly, urinary L-FABP can also detect hypoxia in proximal tubular cells [25, 26] . Urinary L-FABP could detect established AKI better than semaphorin 3A possibly because L-FABP is highly induced in response to injuries which occurred at the renal cortico-medullary junction, a hypoxia prone region of the kidney. Further investigation is necessary to clarify the role of these two biomarkers in detecting renal hypoxia in humans.
Another possibility is that urinary semaphorin 3A was saturated even in the mild AKI of risk. Although the regulatory mechanism of semaphorin 3A expression induced by renal insult is unclear, there might be an upper limit of up-regulation of semaphorin 3A by acute stress signals. Consistent with this observation, we see a similar result even in pediatric patients where higher levels of semaphorin 3A is seen in a risk group (RIFLE criteria) when compared with injury or failure group [9] . Another distinct feature of urinary semaphorin 3A is that sepsis did not affect its levels. Reportedly, urinary and blood NGAL can be influenced by sepsis [27, 28] . Urinary L-FABP in septic shock patients was extraordinarily high [29] . Although septic AKI is more severe than other AKI such as contrastinduced or post-cardiac surgery AKI and biomarkers that respond both to sepsis and AKI will be helpful for predicting mortality, biomarkers that are not affected by sepsis may be used for evaluation of kidney injury in severe multiple organ failure. Our data indicate urinary semaphorin 3A might be able to monitor renal injury independent of severity of the systemic illness.
Our study has strengths. First, we have identified a new biomarker for AKI and validated it in human samples. Secondly, we prospectively recruited a relatively heterogeneous cohort of adult subjects with various different etiologies for AKI and no apparent onset. Even with this heterogeneous cohort, urinary semaphorin 3A was useful for AKI diagnosis. Thirdly, we demonstrated that urinary semaphorin 3A can show a superior performance not only in detecting established AKI but also in predicting AKI progression as other AKI biomarkers such as NGAL [1] [2] [3] , IL-18 [5] , L-FABP [6, 7] and kidney injury molecule-1 [8] . These biomarker-based tests are currently not available for standardized clinical application, and all biomarkers have individual strengths and weaknesses. Given the multifactorial etiologies of AKI [30] , emerging AKI biomarker panels will enable the timely initiation of interventions such as atrial natriuretic peptide [31] and insulin-like growth factor [32] that have been successful in smaller, phase II-level efficacy studies but not in larger phase. III trials. Possibly, these interventions will be successful in the early stages of AKI that are predicted to progress (e.g. based on semaphorin 3A measurement) in combination with other early diagnostic biomarkers (e.g. NGAL and L-FABP) rather than serum creatinine based late intervention.
The current study has limitations. Diagnosis of AKI and AKI progression depend on the baseline serum creatinine. Measured baseline serum creatinine was not available for 95 patients (28.0%) in this study. Although the RIFLE criteria recommends estimating the baseline value using the MDRD equation for the lower end of the normal range (i.e. 75 mL/ min per 1.73 m 2 ), this method might cause misclassification of AKI diagnosis [33] . Secondly, causes of AKI were not clearly determined in this study because most of the AKI patients had complications due to several different potential causes such as sepsis, hypovolemia and exposure to nephrotoxins. Thirdly, it is a single-center study. Thus, these results will need to be validated in a larger population. Fourthly, we have not measured serum semaphorin 3A levels in this cohort of patients to determine whether semaphorin 3A level in serum also has a predictive value for AKI. Due to its size (95 KDa) and distal tubular expression pattern, urinary semaphorin 3A is unlikely to be derived from glomerular filtration. Finally, we measured urinary biomarkers at one single time point. Sequential measurement should be performed in the future study because it will remarkably improve the performance of biomarkers.
CO N C L U S I O N
We evaluated a new biomarker of urinary semaphorin 3A in comparison with other AKI biomarkers of urinary NGAL, L-FABP, IL-18, NAG and albumin. Urinary L-FABP showed good performances in detecting established AKI and predicting later-onset AKI and AKI progression. While these five biomarkers showed similar performance in detecting established AKI, later-onset AKI and AKI progression, urinary semaphorin 3A showed equal AUC-ROC values to the five biomarkers only in predicting later-onset AKI and AKI progression. Urinary semaphorin 3A in non-progressive established AKI patients was not increased, while other five markers in established AKI were elevated regardless of future progression. Finally, sepsis did not have any impact on urinary semaphorin 3A. These observations differentiate semaphorin 3A from other biomarkers and suggest the possible contribution of semaphorin 3A to the development of emerging AKI biomarker panels.
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